The yeast transcriptional activator ADR1, which is required for ADH2 and peroxisomal gene expression, contains four separable and partially redundant activation domains (TADs). Mutations in ADA2 or GCN5, encoding components of the ADA coactivator complex involved in histone acetylation, severely reduced LexA-ADR1-TAD activation of a LexA-lacZ reporter gene. Similarly, the ability of the wild-type ADR1 gene to activate an ADH2-driven promoter was compromised in strains deleted for ADA2 or GCN5. In contrast, defects in other general transcription cofactors such as CCR4, CAF1/POP2, and SNF/SWI displayed much less or no effect on LexA-ADR1-TAD activation. Using an in vitro protein binding assay, ADA2 and GCN5 were found to specifically contact individual ADR1 TADs. ADA2 could bind TAD II, and GCN5 physically interacted with all four TADs. Both TADs I and IV were also shown to make specific contacts to the C-terminal segment of TFIIB. In contrast, no significant binding to TBP was observed. TAD IV deletion analysis indicated that its ability to bind GCN5 and TFIIB was directly correlated with its ability to activate transcription in vivo. ADR1 TADs appear to make several contacts, which may help explain both their partial redundancy and their varying requirements at different promoters. The contact to and dependence on GCN5, a histone acetyltransferase, suggests that rearrangement of nucleosomes may be one important means by which ADR1 activates transcription.
In Saccharomyces cerevisiae, the transcriptional activator ADR1 is required for expression of the glucose-repressible alcohol dehydrogenase gene (ADH2) under nonfermentative conditions (1) . It also regulates genes required in glycerol metabolism (2, 3) and peroxisome function and biogenesis (4, 5) . ADR1 is a zinc finger, DNA-binding protein that is 153 kDa in size (6, 7) . Its regulation of ADH2 under nonfermentative growth conditions occurs by binding to UAS1, a palindromic site, located 110 bp 1 upstream of the ADH2 TATAA sequence (7) . Similar UAS1 elements are located upstream of other genes that ADR1 controls (4, 8) . Three regions of ADR1 have been identified that are required for its efficient activation of ADH2 transcription: transcription activation domain (TAD) I (76 -172), TAD II (263-357), and TAD III (359 -509) (2, 9, 10, 11) . A fourth region (642-1323) has been implicated for efficient peroxisomal gene expression (5) . The presence of four transactivation regions suggests that ADR1 may make multiple protein contacts to transcriptional cofactors and/or core transcriptional components. The observation that TADs II and III are functionally redundant (9) suggests that some of these contacts may be made to the same protein.
There are a number of potential targets for ADR1 activation domains. Core transcriptional components including TBP, TFIIB, TFIIF, TFIIE, and TAFs have been implicated in mammalians system as being direct contacts for transcriptional activators (12) . In yeast, the GAL4 activation domain has been shown to bind TBP but not TFIIB in vitro (13) . In addition to these core transcriptional factors, other cofactors or coactivators may mediate the action of activators. The ADA2 complex is one such coactivator complex. These proteins have been shown to bind activators like VP16 and GCN4 (14, 15) and to be required for maximal transcriptional activity of several yeast activators (16) . However, some yeast activators like HAP4 and GAL4 (16, 17) are slightly affected or not affected by defects in the ADA2 complex. Because the ADA2 complex has been also been shown to bind TBP (14) , it has been suggested that the ADA2 complex acts as a direct mediator between activators and core factors. Recent evidence indicates that GCN5 is a histone acetyltransferase (18) . Activator recruitment of the ADA2 complex may result, therefore, in histone acetylation that would help relieve a repressive chromatin structure.
Genetic studies have implicated several general transcriptional factors as possibly mediating ADR1 activator function. The CCR4 and CAF1/POP2 proteins, components of a multisubunit transcriptional regulatory complex, are required for proper expression of a number of yeast genes including ADH2 (19 -22) . In previous studies we have analyzed the dependence of ADR1 TADs on the CCR4 and CAF1 cofactors, but ccr4 and caf1 defects generally had only 2-3-fold effects on ADR1 TAD function (22, 23) . Moreover, ccr4 and caf1 defects can affect ADH2 expression under conditions when ADR1 is inactive (19, 22) . The SNF/SWI factors involved in nucleosomal remodeling (24) are also known to be important to ADH2 derepression (25) (26) (27) . Consistent with the role of the SNF/SWI factors in ADH2 expression are the presence of two repressing nucleosomes at the ADH2 promoter that are removed in an ADR1-dependent manner during ADH2 derepression (28) . Neither of the repressing nucleosomes in the ADH2 promoter occupies the * This research was supported by National Science Foundation Grants MCB92-18728 and MCB95-13412, National Institutes of Health Grant GM41215, and HATCH project 291. This is Scientific Contribution 1948 from the New Hampshire Agricultural Experimentation Station. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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§ To whom correspondence should be addressed. 1 The abbreviations used are: bp, base pair(s); TAD, transactivation UAS1 site to which ADR1 binds (28) , which may explain the limited effects of snf/swi mutations on ADH2 derepression (25, 27) . In this paper we continue our investigation into the factors required for ADR1 function. We report that mutations in ADA2 and GCN5 severely compromise the ability of ADR1 TADs to activate gene expression in vivo. In addition, we demonstrate that there is physical interaction between ADA2 and GCN5 and the ADR1 TADs in vitro. TAD IV binding to GCN5 was shown to directly correlate with TAD IV activation function. TADs I and IV were also shown to make specific contacts to TFIIB but not to TBP. These results suggest that ADR1 TADs activate gene expression in yeast through direct physical contacts with multiple proteins.
EXPERIMENTAL PROCEDURES

Yeast Strains
Yeast strains are listed in Table I . Strain EGY188 was used for transformation with plasmids expressing LexA-ADR1 fusion proteins. The ada2::URA3 and gcn5::URA3 disruptions in strain PSY316 were a gift from L. Guarante, and strains CY26 and CY57 were provided by C. Peterson.
Plasmid Constructions
LexA-ADR1 Fusions-All LexA-containing plasmids encoded fulllength LexA-(1-202) except for LexA-ADR1-(1-220), which contained only the DNA binding domain of LexA (residues 1-87). The LexA fusion proteins were expressed from an ADHI promoter and were expressed in yeast on a 2 plasmid containing the selectable marker URA3 (9) . Plasmids containing LexA-ADR1-(1-1323) (full-length), LexA-ADR1-(1-220)-TAD I, and ADR1-(262-359)-TAD II have been previously described (9) . LexA-ADR1-(420 -462)-TAD III was constructed following polymerase chain reaction using oligonucleotides designed to generate NcoI and XhoI sites at the ends of the 420 -462 fragment of ADR1 (oligonucleotides:
5Ј-GTCATGCCATGGATCCTGATTTCGTCGAT-3Ј and 5Ј-GCGTACTCGAGAAGCTTGACGTGGCGGTAG-3Ј). The resultant ADR1 polymerase chain reaction product after cleavage with NcoI and XhoI was ligated into the NcoI-XhoI sites of plasmid to generate LexA-ADR1-(420 -462). LexA-ADR1-(642-704)-TAD IV and its deletion derivatives were derived from plasmid LexA-ADR1-(642-1323) (9) by selecting for LexA-ADR1-(642-1323) derivatives that could activate the LexAop-LEU2 reporter in strain EGY188. All Leu2 ϩ prototrophs analyzed were the result of alterations in the amino acid region 672-704 of ADR1 that created truncated LexA-ADR1-(642-704) derivative proteins. Each of these proteins was expressed to a comparable extent as analyzed by Western analysis. Sequencing of each of these resultant plasmids revealed stop codons in the DNA sequence that were in agreement with the relative size of each of the LexA-ADR1-(642-704) protein derivatives.
GST-ADR1 Fusions-The construction of GST-ADR1-(1-262)-TAD I was conducted by removing residues 1-262 from pJC100 (29) with NcoI and XmnI and ligating into pGEM-5f(ϩ) cut with NcoI and EcoRV. 
Transformations, Enzyme Assays, and Growth Conditions
All yeast transformations were conducted by using the lithium acetate method (31) . ADH II and ␤-galactosidase enzyme assays were conducted as described (9) . Conditions for growth of cultures on minimal medium lacking uracil and histidine or YEP medium containing either 8% glucose, 3% ethanol or 2% ethanol, 2% glycerol have been described elsewhere (9) .
In Vitro Binding Assay
GST fusion proteins were expressed and bound to glutathione-agarose beads (Sigma) in binding buffer (1 ϫ phosphate-buffered saline, 1% Triton). Beads were washed 4 times with binding buffer and then incubated for 60 min at 4°C in A300 buffer (20 mM HEPES, pH 7.6, 1 mM EDTA, 1 mM dithiothreitol, 20% glycerol, 300 mM potassium acetate (KAc), 1% Triton) containing 1 mg/ml E. coli extract and 40 -200 ng of [ 35 S]methionine-labeled in vitro translated proteins. In vitro translation of T7 fusion proteins was carried out by using the TNT-coupled transcription translation system (Promega). Unbound proteins were removed by four washes with A300 buffer, and specifically bound proteins were analyzed by SDS-PAGE after elution with 50 mM reduced glutathione in 50 mM Tris, pH 8.0, or by boiling beads directly in sample buffer. High salt washes of radiolabeled proteins bound to GST fusions were conducted as described above except that A300 buffer was changed to the appropriate KAc concentration (600, 900, or 1200 mM). The T7-GCN5, -ADA2, and -ADA3 plasmids were gifts of L. Guarente (MIT). T7-TFIIB was provided by M. Hampsey (University of New Hampshire), T7-TBP was a gift of S. Johnston (University of Texas Southwestern Medical Center), and T7-N-TFIIB and T7-C-TFIIB were provided by R. Pollock (Arias Pharmaceuticals).
Deletion of Residues 642-704 of ADR1 at Its Chromosomal Locus
The ADR1 moiety in pBR322-411B (32) was cut with BglII (bp ϩ1,923) and BstBI (bp ϩ2,119), and the overhangs were filled in with Klenow and religated with T4 DNA ligase. The resultant plasmid was digested with SacI (bp ϩ1,713) and BamHI (bp ϩ3,200), and the 1.5-kb ADR1 fragment containing the deletion was ligated to pCD10 (9) previously treated with SacI and BamHI. To improve the efficiency of integration, the BamHI fragment of pCD10 (bp 3,200 -3,609) was added back to the pCD10 plasmid, which contained the BglII-BstBI deletion. MATa ura3 his3 leu2 trp1 adh1-11 612-1d-a1
Same as 612-1d except ada2ϻURA3 612-1d-g1
Same as 612-1d except gcn5ϻURA3 612-1d-6a
Same as 612-1d except caf6ϻLEU2 1005-2-3b MAT␣ ura3 his3 leu2 trp1 spt10ϻTRP1 adh1-11
The resulting construct was cut with SnaBI and transformed into strain 500-16 to site-specifically integrate at the adr1-1 locus. Identification of single integrants and their subsequent analysis were conducted as described previously (33) .
RESULTS
The ADA2 Complex Is Required for ADR1 Activation of Transcription-ADR1 contains three separate transcription activation domains, and a fourth activation region has been implicated in residues 642-1323 (5, 9). TAD IV was subsequently more precisely localized to residues 642-704 (see below). In order to identify the factors through which the four individual ADR1 TADs act, the effect of deleting different general transcription cofactors or adaptors on LexA-ADR1-TAD transactivation has been analyzed.
Deletion of the ADA2 or GCN5 gene dramatically reduced the ability of LexA-ADR1 (full-length) to activate the LexA-lacZ reporter gene (Table II) . Moreover, the activation function of each LexA-ADR1-TAD was shown to be highly dependent on functional ADA2 complex components (Table II) . The expression of the LexA-protein fusions was unaffected by deletions in ADA2 or GCN5 as analyzed by Western analysis (data not shown). An ada2 or gcn5 deletion does not uniformly affect all LexA transactivators (16, 17) , and its reduction of ADR1 activation ability (20 -50-fold effects) appeared to be one of the most severe of the several activators previously tested (17, 34) . The observation that both an ada2 and a gcn5 deletion affected LexA-ADR1-TAD function is in agreement with previous results demonstrating that inactivation of any component of the ADA2 complex reduces the function of the complex (17, 35) . In contrast to these results, the deletion of the SNF2/SWI2 gene, which is known to severely reduce the activity of GAL4 and other LexA transactivators (36), displayed little or no effect on ADR1 TAD function (Table II) . Similarly, deletion of the SNF5 and SWI1 genes, two other components of the SNF/SWI complex, resulted in little or no diminution of ADR1 TAD function (data not shown). In addition, we have previously shown that mutation of either CCR4 or CAF1, two components of a multisubunit transcription complex required for maximal ADH2 expression, had generally only 2-3-fold effects on LexA-ADR1-TAD activation of a LexA-lacZ reporter (22, 23) .
In order to verify the physiological relevance of the requirement of the ADA2 complex for ADR1 activation, we examined whether the activation ability of the wild-type full-length ADR1 protein at its normal cellular concentration was also compromised. We found that deletion of the ADA2 or GCN5 gene dramatically reduced the ability of ADR1 to activate an ADH2-lacZ reporter under derepressed growth conditions (Table III). The derepression of the ADH2-lacZ reporter gene has been shown previously to be strictly dependent on ADR1 (7), and ADH2-lacZ contains all of the promoter sequences necessary for complete derepression of ADH2 (37) . In contrast, an ada2 or gcn5 deletion had at most 2-fold effects on the similar CYC1-lacZ reporter gene, which is under the control of the HAP1 and HAP2/3/4 activators (Table III) . Relatedly, the LexA-HAP4 transactivation ability is not affected by ada2 or gcn5 deletions (16, 17) .
We subsequently analyzed the effect of ada2 and gcn5 defects at the wild-type ADH2 promoter. ADH2 expression was reduced 2.5-fold by an ada2 deletion under ethanol growth conditions (Table IV) . Similarly, the ability of an ADR1 c allele to bypass glucose repression and allow increased ADH2 expression was reduced about 3-fold by an ada2 defect (Table IV) . The ada2 allele, in contrast, had no effect on spt10-enhanced ADH2 expression under glucose-repressed conditions, which occurs in an ADR1-independent manner (Table IV) (19) . A gcn5 allele also reduced the ability of the ADH2 gene to derepress (Table  IV) . These results indicate that the ADA2 complex is required for ADR1-dependent activation of transcription in different promoter contexts.
Components of the ADA2 Complex Physically Interact with Each of the TADs of ADR1-Since the activation ability of the ADR1 TADs was strongly ADA2 complex-dependent, we tested if this dependence was the result of ADA2, GCN5, and ADA3 proteins making direct contacts with ADR1 TADs. GST fusions to individual ADR1 TADs were constructed (Fig. 1A) , and their ability to bind to [
35 S]methionine-labeled in vitro translated ADA2, ADA3, and GCN5 proteins (Fig. 1B) was examined (Fig.  1C) . As shown in Fig. 1C , second row, GST-ADR1-TAD II could bind the ADA2 protein. ADA2 did not bind control proteins GST and GST-Vpu, nor did it display significantly increased binding to GST-ADR1-TAD I, III, or IV (Fig. 1C) . In control experiments, in vitro translated luciferase was incubated with each of the GST-ADR1-TADs and GST, and no binding to any of these fusions was observed (Fig. 1C) . In vitro translated ADA3 did not bind to any of the four GST-ADR1-TADs (Fig. 1C,  third row) . In contrast, in vitro translated GCN5, while incapable of binding to GST alone, did bind to all four GST-ADR1-TADs (bottom row). GCN5, however, did not display binding to other GST-fusions such as GST-CAF1 or GST-Vpu (bottom row). For ADA2 binding to TAD II and GCN5 binding to each of the TADs, generally about 1-5% of the input radioactivity was retained by the GST-TADs (data not shown).
The stability of binding of ADA2 and GCN5 to ADR1 TADs was further tested by determining the effect of increasing salt concentrations on each of these interactions. As shown in Fig.  2 , the binding between GST-ADR1-TAD II and ADA2 was ) , PSY316-ada2 (ada2), and GMY26 (gcn5) and the isogenic strains CY26 (SNF2), and CY57 (snf2) using the LexA-lacZ 1840 reporter gene as previously described (9) . The 1840 reporter plasmid contains a single LexA operator site upstream of the GAL1-lacZ promoter. LexA-ADR1 fusions are described under "Experimental Procedures." TADs I and II were defined as activation domains previously (9, 10); TAD III previously localized to residues 359 -506 (9) was more precisely located to 420 -462 (J. Saario and T. Young, personal communication); and TAD IV was defined as shown in Fig. 3 and Table V . Strains were grown on minimal medium lacking uracil and histidine and supplemented with 8% glucose as previously described (9) . LexA fusions were expressed to comparable levels as determined by Western analysis. The LexA-ADR1 fusion proteins were approximately 50-fold more abundant than single copy ADR1. S.E. values were less than 20% in each case. ADR1 Contacts ADA2, GCN5, and TFIIBstable to salt concentrations up to 1.2 M KAc. Similarly, the binding between GST-ADR1-TAD IV and GCN5 was relatively insensitive to increasing salt concentrations (Fig. 2) . GCN5 binding to ADR1 TADs I, II, and III was also stable at high salt concentrations (Fig. 2) . These results suggest that the dependence of ADR1 TAD activation on the ADA2 complex was the result of specific ADR1 TAD interactions with GCN5 and ADA2.
Binding of GCN5 to ADR1 TAD IV Deletion Derivatives Correlates with Their Ability to Activate Transcription-Deletion
analysis of ADR1 suggested a fourth possible activation domain in the C-terminal 642-1323 region (9) . We have subsequently shown that LexA-ADR1-(642-704) is capable of activating transcription of a LexA-lacZ reporter plasmid (Table II and Fig.  3A ). This region was confirmed as important to full-length ADR1 function, since deletion of residues 642-704 reduced LexA-ADR1 activation of a LexA-lacZ reporter gene by 16-fold (Table V) without affecting LexA-ADR1 abundance (data not shown). Moreover, deletion of TAD IV from the wild-type ADR1 at its chromosomal locus reduced ADR1 ability to activate ADH2 by 20-fold (Table V) . TAD IV has also been shown to be absolutely required for peroxisomal function in the utilization of oleate (5) . Because TAD IV appears to be especially important for ADR1 function, we characterized TAD IV further as to its regions important for activation and binding to GCN5.
C-terminal deletions of LexA-TAD IV were assayed for their ability to activate a LexA-lacZ reporter gene (Fig. 3A) . All deletion derivatives were expressed to comparable extents in yeast (data not shown), indicating that differences in protein stability were not the cause of the differences in activity. LexA-ADR1-(642-704), -(642-701), and -(642-698) retained significant transcriptional activity, whereas LexA-ADR1-(642-694) and smaller derivatives were less active.
To determine if these differences in LexA-TAD IV derivative activation abilities were a potential consequence of their ability to interact with GCN5, GST fusion proteins of the TAD IV deletion derivatives were constructed, and their ability to bind with radiolabeled GCN5 was analyzed. All of the GST-TAD IV derivatives were expressed to comparable extents (Fig. 3B,  bottom row) . The ADR1-(642-704), ADR1-(642-701), and ADR1-(642-698) moieties, which had the greatest activation abilities (Fig. 3A) , displayed the strongest binding to GCN5 (Fig. 3B, top row) . The remaining derivatives displayed reduced binding to GCN5 and reduced ability to activate. These data show that the activation strength of ADR1 TAD IV derivatives correlates directly with that of their binding to GCN5 (see Fig. 3A) .
TADs I and IV of ADR1 Bind Specifically to TFIIB-The observation that a gcn5 or ada2 disruption resulted in only partial blockage of ADR1 activation of ADH2 (Table IV) suggested that ADR1 was interacting with factors in addition to the ADA2 complex. Because it is known that transcriptional activators can make contacts to several different cofactors and core transcriptional components, we analyzed further whether ADR1 TADs could bind the transcriptional factor TFIIB. Incubation of in vitro translated yeast TFIIB with GST-ADR1-TAD fusions demonstrated that TAD I and to a lesser extent TAD IV could retain TFIIB (Fig. 4) . In vitro translated TFIIB, in contrast, did not display significant binding to GST alone, GSTVpu, GST-TAD II, or GST-TAD III (Fig. 4) . TFIIB was able to bind about 5-fold better to GST-TAD II than to GST alone but only about 2-fold better than to GST-Vpu, suggesting that this interaction between TAD II and TFIIB may not be significant. The binding of TFIIB to TADs I and IV was also stable to high salt washes (1.2 M KAc) (data not shown). The region of TAD IV that was capable of binding TFIIB was analyzed using the series of GST-TAD IV variants described above. Deletions of TAD IV that reduced its activation function (Fig. 3A) similarly reduced its binding to TFIIB (Fig. 3B ). As shown with GCN5 binding to these TAD IV deletion variants, the correlation between TAD IV activation ability and binding to TFIIB was nearly exact (Fig. 3A) .
The region of TFIIB that interacted with TAD I and TAD IV was localized using the in vitro binding assay in order to further examine the specificity of this interaction. The C-terminal half of TFIIB (residues 135-345) was found to retain the ability to bind to both TADs I and IV, whereas the N-terminal segment of TFIIB (residues 1-134) did not bind GST-TADs I or IV (Fig. 5) . In contrast to TFIIB, TBP displayed little or no increased binding to GST-ADR1-TADs I or IV as compared with the control GST-Vpu (Fig. 4) . TBP also did not bind TAD III and interacted with TAD II only about 2-fold better than the GST-Vpu control. These data suggest that TFIIB may be an additional factor through which ADR1 acts. , and the strain GMY26 (gcn5) as described (9) . Each of these strains carried either the ADCY4 reporter plasmid (ADH2-lacZ) or the LG699Z (CYC1-lacZ) reporter (7). ADCY4 and LG699Z are identical except for the upstream sequences controlling the CYC1 TATA region in front of the LacZ gene. Strains were grown in minimal medium lacking uracil and containing 2% each of glycerol and ethanol (DR) or 8% glucose (R). S.E. values were less than 15%. ND, not done. 
ADR1 Contacts ADA2, GCN5, and TFIIB
DISCUSSION
The ADA2 Complex Mediates ADR1 Activation-ADR1 is the primary transcriptional activator of the ADH2 gene and has been shown previously (9) and herein to contain four separable domains capable of activating transcription. These individual activation domains were found to be highly dependent on a functional ADA2 complex for their ability as LexA fusions to activate a LexA reporter system. Individual LexA-TAD fusions were nearly completely blocked for activation when either the ADA2 or GCN5 gene was deleted. Other LexA-transactivators such as LexA-GCN4 have also been shown to function at reduced levels when components of the ADA2 complex are deleted (17, 34) . In contrast, LexA fusions such as LexA-HAP4 are nearly fully transcriptionally active in the absence of components of the ADA2 complex (17) . Full-length ADR1, when fused to LexA, also displayed a 20 -30-fold reduction in activation function when components of the ADA2 complex were defective. The observation that LexA-ADR1 (full-length) retained a substantial, albeit reduced, function suggests that the activation domains in full-length LexA-ADR1 in this context must also be capable of binding targets in addition to the ADA2 complex.
Several other cofactors known to be required for ADH2 derepression were similarly investigated in their requirement for LexA-ADR1-TAD function. Defects in components of the SNF/ SWI complex had essentially no effect on ADR1 activation of the LexA-lacZ reporter in contrast to their sizable reduction in LexA-GAL4 activation of the same reporter gene (36) . The CCR4 and CAF1 transcriptional regulatory factors that form a multisubunit complex reduced LexA-ADR1-TAD function generally about 2-3-fold (22, 23) . This dependence on CCR4 and CAF1 appears, however, to represent an indirect requirement, since in vitro binding assays have been unable to substantiate any specific interaction between ADR1 TADs and CCR4 or CAF1 (23) and since ccr4 and caf1 can affect ADH2 expression independent of ADR1 activity (19, 22) . Core transcriptional factors may represent other potential targets for ADR1 (see below).
The ADR1 activation of transcription of the ADH2-lacZ reporter was also severely reduced by defects in the ADA2 complex. In addition, ada2 and gcn5 deletions reduced the ability of ADR1 to activate the ADH2 gene at its chromosomal location. These results confirm the importance of the ADA2 complex in ADR1 activation. Yet, the fact that an ada2 or gcn5 disruption does not give the same ADH2 phenotype as an ADR1 deletion highlights the fact that at the ADH2 locus ADR1 must also be capable of making additional contacts to activate transcription. It should be noted that the effect of ada2 or gcn5 deletions on ADR1 activation ability was more severe when the reporter gene (either LexA-lacZ or ADH2-lacZ) was on a high copy plasmid than when it was positioned in the chromosome (the ADH2 locus). The cause of this difference is unclear, although the plasmid-borne promoters and the chromosomal promoter may differ in terms of chromatin structure or in assembly of ADA2 complex-dependent transcription complexes.
Physical Interaction of ADR1 TADs with Components of the ADA2 Complex-Each of the ADR1 TADs could selectively bind components of the ADA2 complex. ADA2 interacted with TAD II and GCN5 with each of the TADs. These interactions appear specific for several reasons. First, for the interactions of GCN5 and ADA2 to the ADR1 TADs to be considered significant, at FIG. 1. Binding of ADR1 TADs to ADA2 and GCN5. A, Coomassie-stained GST-TAD fusions. GST fusions were induced as described (30) , bound to glutathione-agarose beads, and eluted from glutathioneagarose beads by boiling and separation by SDS-PAGE. Fifty g of GST-TAD fusion is represented in each lane. GST-TAD I contains residues 1-262 of ADR1; GST-TAD II contains residues 262-359; GST-TAD III contains residues 420 -462; and GST-TAD IV contains residues 642-701. B, in vitro translated proteins. T7 fusion proteins were translated in vitro with [ 35 S]methionine as described under "Experimental Procedures." One l of radioactive proteins was separated by SDS-PAGE and identified following fluorography. C, binding of in vitro translated proteins to GST-TAD fusions bound to glutathione-agarose beads. Forty l of in vitro translated proteins were incubated with 50 g of GST fusions and, after washing, eluted by boiling. Similar results were obtained when bound proteins were eluted with excess glutathione. In general, a protein was considered to bind specifically if at least 15-20-fold more radioactive protein was retained by the GST-TAD than by the GST-Vpu control and 20 -40-fold more than for GST as observed in at least three separate in vitro binding analyses. Densitometric analysis using an EC-210 densitometer was used to quantitate relative intensities of bound proteins. Top row, binding of radioactive luciferase to GST and GST-TADs; second row, binding of ADA2 to GST, GST-Vpu, and GST-TADs; third row, binding of radioactive ADA3 to GST and GST-TADs; bottom row, binding of radioactive GCN5 to GST, GST-Vpu, GST-CAF1, and GST-TADs. least 20-fold more GCN5 or ADA2 had to be retained by the GST-ADR1-TAD constructs than by the GST and GST-Vpu controls (See legend to Fig. 1) . In many cases, up to 30 -40-fold more GCN5 was bound to the target than to the controls: e.g. GCN5 binding to GST-ADR1-TAD IV and GST-ADR1-TAD III. Second, GCN5 failed to bind other GST fusions such as GSTVpu and GST-CAF1. ADA2 also failed to bind well to TAD I, III, or IV. Each of the significant bindings of an ADR1 TAD to ADA2 or GCN5 was, moreover, shown to be stable even under high salt wash conditions. This result suggests that these contacts are not solely dependent on ionic interactions. Finally, the GST-ADR1-TADs, whereas they could bind ADA2 or GCN5, failed to bind a number of radioactively labeled proteins including luciferase, ADA3, CAF1, CCR4, TBP, and N-TFIIB.
The observation that each of the ADR1 TADs and the fulllength ADR1 are dependent on a functional ADA2 complex for maximal activation suggests that the physical interaction observed between the individual ADR1 TADs and the ADA2 and GCN5 proteins represents a physiologically significant interaction. This implication is further supported by the TAD IV deletion studies. Progressive C-terminal deletions of TAD IV reduced TAD IV ability to activate and to directly interact with GCN5. The correlation between TAD IV activation and its ability to bind GCN5 was nearly exact, suggesting biological relevance for the GCN5-TAD IV interaction.
The C-terminal region of TAD IV (residues 695-704, EY-DYEHYQIL), which was required for TAD IV function and binding to GCN5, is rich in acidic and bulky hydrophobic amino acids. The residues important for transcriptional activation have been analyzed for several other activators, and hydrophobic residues have increasingly been shown to be crucial for activation function (38 -40) . The hydrophobic residues in the C terminus of TAD IV may be similarly used for providing contacts or a particular secondary structure that interacts with transcriptional factors. However, the actual region of contact may be complex, since even derivative LexA-ADR1-(642-679) retained some transcriptional activity (Fig. 3A) .
In view of the recent identification of GCN5 as a histone acetyltransferase, our results suggest that ADR1 recruits the ADA2 complex, resulting in increased histone acetylation. Such   FIG. 3 . TAD IV activation ability correlates with binding to GCN5 and TFIIB. A, effect on LexA-ADR1-(642-704) transcriptional activity by C-terminal deletions. LexA-ADR1-(642-704) and its deletion derivatives were derived as described under "Experimental Procedures." Each derivative was expressed to a comparable extent in yeast strain EGY188 as analyzed by Western analysis (data not shown). ␤-Galactosidase activities represent averages of at least three separate transformants and were assayed as described in Table II . S.E. values were less than 20%. The LexA reporter was p1840 in all cases. Relative binding to GCN5 or TFIIB compares the amount of radiolabeled GCN5 or TFIIB bound to the GST-ADR1-TAD IV derivative with the amount bound to GST alone. Data for relative binding was obtained following densitometric analysis of the data displayed in B. B, the effect of C-terminal deletions of LexA-ADR1-(642-704) on its ability to bind GCN5 or TFIIB. GST-ADR1-TAD IV derivatives of length as indicated in the figure were expressed in E. coli and bound to glutathione-agarose beads as described under "Experimental Procedures." The bottom row is a Coomassie Blue-stained SDS-PAGE separation of 50 g of each of these proteins and illustrates the relative abundance of each of the GST-derivatives used for binding. The top row displays the binding of GCN5 to each of the GST-derivatives as analyzed by SDS-PAGE and fluorography, whereas the middle row displays the binding of TFIIB to each of the GST-derivatives.
FIG. 4. TFIIB and TBP binding to GST-TADs.
Binding of in vitro translated and radiolabeled TFIIB and TBP to GST-fusion proteins was conducted as described in Fig. 1.   FIG. 5 . The C terminus of TFIIB binds to TADs I and IV of ADR1. Binding studies between GST fusion proteins and radiolabeled TFIIB fragments were conducted as described in Fig. 1 . Input represents [1/l3] of C-or N-TFIIB used in the binding reaction. C-TFIIB contains residues 135-345 of TFIIB, and N-TFIIB contains residues 1-135 fused to GST, respectively.
TABLE V
The effect of a TAD IV deletion on ADR1 activation ADH II activities were conducted as described in Table IV . ␤-Galactosidase activities were determined as described in Table II acetylation would presumably relax the nucleosomal structure at the promoter and facilitate nucleosomal rearrangement. Since, upon derepression, ADR1 is required at the ADH2 promoter for nucleosomal removal from the TATA and mRNA start site regions (28) , ADR1 binding to GCN5 and ADA2 may be one means by which ADR1 accomplishes this. This model does not exclude, however, a role for other nucleosomal rearrangement factors such as the SNF/SWI factors. At ADH2, snf/swi defects also result in reduced expression. In many strains this reduction is only 1.5-fold (25, 27, 41) , although at least in one strain a more drastic dependence on SNF/SWI was observed (26) . A combination of ADR1 recruitment of GCN5 and ADA2 and SNF/SWI-facilitated nucleosomal remodeling may, therefore, contribute to ADR1-dependent ADH2 expression. TFIIB Interacts with TADs I and IV-In addition to observing that GCN5 and ADA2 bind to the ADR1 TADs, we showed that TFIIB could bind TADs I and IV of ADR1. Again these interactions appear specific in that they were stable to high salt washes and that TFIIB could not bind TADs II or III, GST, or GST-Vpu. Moreover, the C-terminal region of TFIIB, but not its N terminus, could bind TADs I and IV. In addition, none of the TADs displayed strong binding to TBP. The physiological relevance of these interactions, however, is not certain. For TAD IV of ADR1, deletions that clearly decreased its function also directly reduced binding to TFIIB (Fig. 3) . This finding supports the biological importance of the interaction between TAD IV and TFIIB but does not confirm that TFIIB is a real target for TAD IV.
It is possible that the ability of a TAD to activate represents some overall property of "stickiness," i.e. the ability to interact in the cell with various target factors: GCN5, TFIIB, etc. Many target factors for VP16 have been identified (42, 43) as well as for the yeast GAL4 activation domain (13) . It has recently been suggested that this pleiotropic ability of activators to bind many core transcriptional factors and coactivators may represent a physiological method for an activator in recruiting the transcriptional machinery to a promoter (44) .
The multiplicity of ADR1 activation domains argues similarly that these activation domains could make contacts to different factors: GCN5 by one or more domains, TFIIB by others. The sum total of these interactions and recruitments would constitute the ability to promote transcriptional initiation. ADR1 activation of ADH2 and other genes, therefore, appears to result from contributions from various factors and interactions. Nucleosomal rearrangement promoted by ADR1 recruitment of the ADA2 complex and aided by SNF/SWI may be one determinant. ADR1 binding to transcription factors might also play a critical role, and ADR1 contacts to TFIIB represent one possible example of this interaction.
